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Abstract

Three decades ago, large ICF lasers that occupied entire buildings were used as the
energy sources to drive the first X-ray lasers. Today X-ray lasers are tabletop, spatially
coherent, high-repetition rate lasers that enable many of the standard optical techniques
such as interferometry to be extended to the soft X-ray regime between wavelengths of
10 and 50 nm. Over the last decade X-ray laser performance has been improved by the
use of the grazing incidence geometry, diode-pumped solid-state lasers, and seeding
techniques. The dominant X-ray laser schemes are the monopole collisional excitation
lasers either driven by chirped pulse amplification (CPA) laser systems or capillary
discharge. The CPA systems drive lasing in neon-like or nickel-like ions, typically in the
10 — 30 nm range, while the capillary system works best for neon-like argon at 46.9 nm.
Most researchers use nickel-like ion lasers near 14 nm because they are well matched to
the Mo:Si multilayer mirrors that have peak reflectivity near 13 nm and are used in many
applications. The last decade has seen the birth of the X-ray free electron laser (XFEL)
that can reach wavelengths down to 0.15 nm and the inner-shell Ne laser at 1.46 nm.
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1 Introduction

Since the original article (0e037) was published a decade ago most of the X-ray laser
research has focused on using the X-ray laser as a diagnostic tool for studying materials
using traditional laser techniques such as interferometry but at the shorter wavelength of
the X-ray laser. Most of this research utilizes the well-developed nickel-like collisional
excitation lasers that lase near 14 nm (i.e. Pd at 14.7 nm, Ag at 13.9 nm) since these are
well matched to the Mo:Si multilayer mirrors that have high reflectivity at normal
incidence. The nickel-like ions lase on the 4d 'Sy — 4p 'P, transition. The 4d 'S, upper
laser level is populated by the monopole collisional excitation from the nickel-like
ground state that consists of 28 electrons filling the closed K, L, and M-shells. The
analogous scheme in neon-like ions lases on the 3p 'Sy — 3s 'P; transition.

A good source of information on this research are the conference proceedings from the
biennial International Conference on X-ray lasers listed at the end of the references.



Recall that the typical nickel-like laser is created by illuminating a solid target with a
line-focused optical laser that has a nanosecond prepulse to create the plasma and a
picosecond laser pulse to heat the plasma to lasing conditions. The use of the prepulse
technique [1] together with availability of short pulse lasers with pulse lengths less than a
psec were the enabling technologies for tabletop X-ray lasers. The X-ray laser uses
amplified spontaneous emission (ASE) without a laser cavity so the spatial coherence is
limited and the divergence depends on the aspect ratio of the line focus and the
subsequent plasma column that is created. Since laser applications require lasers with
good output characteristics most of the X-ray laser development has been focused on
improving the spatial coherence of the X-ray laser, reducing the optical laser drive
requirements, and increasing the repetition rate. In this article we will describe how the
use of the grazing incidence geometry has reduced the laser drive requirements to less
than one joule per pulse and thereby increased the repetition rate. The use of very
coherent high harmonic radiation to seed the X-ray lasers has greatly increased the spatial
coherence of the X-ray laser output.

In terms of new X-ray laser developments the big breakthrough has been the emergence
of the X-ray free electron laser (XFEL) over the last decade. While the XFEL currently
requires a large accelerator facility such as the two-mile long linear accelerator at
Stanford it can reach wavelengths as short as 0.15 nm. There is a separate article on free
electron lasers (see 0e038 and 0e038.pub2) but this article includes a brief summary of
the XFEL output characteristics. One new X-ray laser that has emerged that uses the
XFEL as a drive laser is the inner-shell Ne laser at 1.46 nm. This is discussed in some
detail.

2 Improving Tabletop Laser-Driven X-ray Lasers

A decade ago the newest variant of the prepulse technique used a combination of a nsec
laser prepulse to illuminate a solid target to create the plasma and a psec laser pulse to
heat the plasma to lasing conditions. That is still the primary method used today and
enabled the use of much smaller lasers to drive the neon-like and nickel-like X-ray lasers.
Those lasers use chirped pulse amplification (CPA) [2,3] to produce the psec duration
drive pulse with typical energies less than 10 J. The nsec prepulse is created by using part
of the uncompressed beam from the CPA system. Typical experiments used less than 10 J
in each beam. These systems are compact, tabletop, higher-repetition rate systems that
occupy a few standard optical benches and have largely replaced the building size,
inertial confinement fusion (ICF) lasers used in the past. Given the short pulse duration
these experiments use a travelling wave geometry to transversely illuminate the X-ray
laser target and synchronize the pumping with the lasing process at the speed of light.
This causes the X-ray lasing to preferentially emit from one end of the laser. The big
change in the last decade is using a grazing incidence geometry to illuminate the target
and reduce the drive requirements by an order of magnitude and the use of high
harmonics to seed the X-ray laser and create a more spatially coherent output.



2.1 Grazing incidence geometry

The tabletop X-ray lasers of a decade ago used a line-focused CPA laser that illuminated
the target at normal incidence with a prepulse followed by a short main pulse. For an
example see Fig. 1 in 0e037. This geometry wastes a lot of the drive energy because the
optical laser energy is mainly absorbed at the critical density for the optical light, which
is an electron density of 1.7 x 10*' cm™ for a 0.8 um Ti:sapphire laser drive, while the
gain region for the X-ray laser typically has an electron density significantly below
critical density. To improve the efficiency it was demonstrated that illuminating the target
with the optical laser at a grazing angle would better couple the optical laser energy into
the region of the plasma with X-ray laser gain. This pumping geometry improves the
laser coupling efficiency into the gain region of the plasma by using refraction to turn the
pump laser at an electron density below the critical density, thus increasing the path
length and absorption in this specific region of the plasma. This was first demonstrated
with a nickel-like molybdenum target that lases at 18.9 nm on the 4d 'Sy — 4p 'P,
transition [4]. For that case the optimum lasing was predicted to be at an electron density
of 10*” cm™. The optimum grazing angle ¢ can be estimated from ne(gain region) =
n(critical) sin’(¢) which gives ¢ = 14° for this case. With this shallow angle, as shown in
Fig. 1, one achieves a travelling wave velocity of c/cos(¢) = 1.03 c, where ¢ is the speed
of light [5]. It was shown that by tilting the compression grating for the CPA system one
could achieve a travelling wave velocity of 1.0 c. [5,6]. The higher efficiency of the
grazing incidence pumping geometry, commonly known as the GRIP geometry, requires
only a very low energy laser pump (<150 mJ), available at a 10 Hz repetition rate and
represents more than an order of magnitude reduction in the pumping energy compared to
the conventional transverse scheme.

Improvements in optical lasers has led to the replacement of flash lamps with diodes to
create diode-pumped solid state lasers such as Yb:YAG amplifiers that produce up to 1J
of output at 100 Hz. [7]. Utilizing a 1.03 pm Yb:YAG laser with 0.9 J of output at 100
Hz in the GRIP geometry to drive a silver target enabled the production of a saturated
nickel-like silver X-ray laser that produces 1.0 pJ of output at 13.9 nm from a 0.5 cm
long target [8]. Other nickel-like lasers ranging from Pd (Z=46) to Te (Z=52) have been
produced with this system. Similar results are being achieved in many laboratories with
wavelengths as short as 6.85 nm in nickel-like samarium using a 10 J drive in the GRIP
geometry [9].

2.2 Seeding of X-ray laser by high harmonics

Most X-ray lasers have no laser cavities so the laser output is seeded by spontaneous
emission and the total output is just the amplified spontaneous emission (ASE) with the
divergence and spatial coherence determined by the aspect ratio of the plasma column.
The temporal coherence is determined by the line width of the atomic transition, which
tends to be quite narrow and have a bandwidth, AMA < 107

To improve the spatial coherence of the X-ray laser many researchers are trying to seed
the X-ray laser with high-harmonic radiation that has the high spatial coherence intrinsic
to the optical drive laser. An early attempt used the 25th harmonic of the Ti:sapphire
laser to seed the nickel-like krypton laser at 32.8 nm and observed promising
improvements in the spatial coherence [10].



A more recent example of seeding is the use of the 59" harmonic of the 780 nm
Ti:sapphire laser to seed the nickel-like cadmium laser at 13.2 nm [11]. The 59"
harmonic is created by focusing 20mJ of the Ti:sapphire laser into a Ne gas jet. The high
harmonic was imaged onto the input of the X-ray laser. The 0.35-cm long Ni-like Cd X-
ray laser target was driven by a 6.8 psec, 350 mJ prepulse and the 50 fsec, 0.85 J main
pulse from the Ti:sapphire laser incident at a grazing incidence angle of 23°. One of the
main challenges of using high harmonics to seed X-ray lasers is the much larger
linewidth of the high harmonics which means most of the energy in the high harmonic is
not amplified. In this case the linewidth of the high harmonic was = 0.03 nm compared
with 0.01 nm for the X-ray laser. For this Ni-like Cd laser the output was less than 1%
fully spatially coherent without the seeding while the coherence length increases
dramatically to 70 um for an X-ray laser with a beam diameter of 80-90 um at a distance
of 10 cm from the exit of the amplifier. Understanding how to seed the X-ray laser and
improve its spatial coherence is an area of ongoing research that shows great promise.

3 Alternative X-ray laser schemes

3.1 X-ray Free Electron Laser

A decade ago the best candidate for a new X-ray laser scheme was the extension of the
free electron laser technology into the X-ray regime. At that time experiments had
observed lasing at 100 nm using the TESLA Test Facility at the Deutsches Elektronen-
Synchrotron (DESY) in Hamburg [12]. That and other proposed facilities used self-
amplified spontaneous emission (SASE) to obtain high gain in a single pass. While this
scheme does not lase on an atomic transition like traditional lasers it does produce
coherent X-ray output.

Over the last decade the X-ray free electron laser (XFEL) has become reality. FLASH
[13-15] is a small version of the European XFEL at DESY that was commissioned in
2004 and has been used for research since 2005. The facility is 260 meters long and
generates soft X-ray radiation in the wavelength range from 4.2 — 45 nm in the first
harmonic with GW peak power and pulse durations from 50 - 200 fsec.

The European XFEL [15] will run from the DESY site in Hamburg to the research site in
Schenefeld (Schleswig-Holstein). It will start user operation in 2017 and expects to
achieve peak brilliance of 5 x 10*® photons/sec/mm*/mrad®/0.1% bandwidth with pulse
duration less than 100 fsec and wavelength between 0.05 to 6 nm.

The largest XFEL facility currently operating is at the two-mile-long linear accelerator at
Stanford [16,17]. The Linac Coherent Light Source (LCLS) was constructed using the
last one-third of the original linear accelerator and achieved X-ray lasing in April 2009. It
can produce X-rays down to 0.1 nm with peak brilliance of 10%°
photons/sec/mm?*/mrad*/0.1% bandwidth, pulse duration of 2 - 300 fsec, at a 120 Hz
repetition rate.



FERMI@Elettra is a single-pass FEL user-facility covering the wavelength range from
100 nm to 10 nm, located next to the third-generation synchrotron radiation facility
ELETTRA in Trieste, Italy [18].

The Spring-8 Angstrom Compact Free Electron Laser (SACLA) is the most compact
XFEL in the world and can operate at wavelengths as short as 0.06 nm [19-21]. SACLA
was completed in 2011 and is 700 meters long as compared with the 3 km length of
LCLS.

XFEL’s are being constructed at many sites around the world that currently have
accelerators. The Swiss XFEL [22] at the Paul Scherrer Institut is expected to come
online in 2016 and reach wavelengths as short as 0.1 nm. The XFEL at the Pohang
Accelerator Laboratory in Korea [23] is expected to be completed in 2015 and also reach
wavelengths as short as 0.1 nm.

A more detailed description of free electron lasers can be found in another chapter of this
publication. See 0e038 and the update 0e038.pub2.

3.2 Inner-shell excitation

To reach shorter wavelength more efficiently researchers have suggested lasing on inner
shell transitions, such as the Ka line [24], in materials such as singly-ionized carbon [25].
The idea, suggested in the 1970°s, is to use a short pulse of X-rays to selectively ionize
the 1s electron and lase on the 2p — 1s transition before autoionization destroys the
inversion [26]. Since the autoionization rates are typically 10" sec™ it requires an X-ray
pulse with a duration of fsecs. While fsec optical lasers have been available for many
years it has been difficult to convert the optical light into a short bright X-ray pulse. That
problem has been solved using the XFEL as the very bright X-ray source to photo-ionize
the 1s electron.

In 2011 the dream of demonstrating an inner-shell X-ray laser was realized at the SLAC
Linac Coherent Light Source when the X-ray free electron laser at 1.29 nm was used to
photo-ionize the K-shell of neutral neon gas and create lasing on the 2p — 1s transition at
1.46 nm in singly ionized neon gas, as shown in Fig. 2. [27]. The natural lifetime of the
laser transition is 135 fsec. The challenge with achieving lasing is that the autoionization
lifetime of the upper laser state is 2.3 fsec. The XFEL beam is sufficiently bright that the
photo-ionization rate for the 1s electron is comparable to the autoionization (Auger) rate.
For these experiments an effective gain of 61-70 cm™ was estimated using a 0.28-cm
long target.

3.3 Resonant photopumping schemes

The idea to create an inversion by using radiation from a bright line in one ion to pump a
resonant transition in another ion and populate an excited state that could lase has been
investigated for many decades. A classic scheme proposed in the 70°s was to use the He-
a line of Na to resonantly photo-pump the He-y line of Ne. Lasing would then be
expected on several 4f — 3d lines in helium-like neon at wavelengths near 23 nm [28].
Many experiments were tried using pulsed power machines but gain and lasing have
never been observed even though measurements of the line emission suggests that gain
does exist in the plasma [29-31]. Many photopumped schemes have been suggested and



even tested experimentally but the results have been disappointing. The biggest challenge
that needed to be overcome is finding an adequate resonance between a strong pump line
and a potential lasing material.

The only successful photopumped X-ray laser schemes have been the self-photopumped
schemes that use radiation trapping of a strong resonance lines to drive lasing in materials
such as neon-like argon [32,33] and titanium [34] at 45 nm and 30.1 nm, respectively,
and nickel-like molybdenum [35] at 22.6 nm.

That should all change in the future with the XFEL as the source of a strong
monochromatic X-ray pump that can be tuned to the atomic resonances. One current
limitation is that most XFEL’s have a large bandwidth (as much as 1% of the photon
energy) but it is hoped that by seeding the XFEL the bandwidth of the X-ray emission
can be significantly reduced [15,17,21].

4 Conclusion

Tremendous progress has been made over the last decade to produce tabletop, spatially
coherent, high-repetition rate X-ray lasers that enable many of the standard optical
techniques such as interferometry to be extended to the soft X-ray regime between
wavelengths of 10 and 50 nm. X-ray laser performance has been improved by the use of
the grazing incidence geometry, diode-pumped solid-state lasers, and seeding techniques.
The dominant X-ray laser schemes are the monopole collisional excitation lasers either
driven by chirped pulse amplification (CPA) laser systems or capillary discharge. The
CPA systems drive lasing in neon-like or nickel-like ions, typically in the 10 — 30 nm
range, while the capillary system works best for neon-like argon at 46.9 nm. Most
researchers use nickel-like ion lasers near 14 nm because they are well matched to the
Mo:Si multilayer mirrors that have peak reflectivity near 13 nm and are used in many
applications. The last decade has seen the birth of the X-ray free electron laser (XFEL)
that can reach wavelengths down to 0.15 nm and the inner-shell Ne laser at 1.46 nm. The
availability of the XFEL as a very bright X-ray line source opens up the possibility of
driving many new types of photopumped X-ray laser schemes.

Table 1 from 0e037 gives a short list of some of the X-ray lasers being used today. An
extensive list of X-ray laser wavelengths can be found in the handbook by Weber and
Refs. 36-38.

The efficiency of pumping X-ray lasers is still very low, typically 10°. The low
efficiency offers the potential for tremendous improvement in the future.
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Glossary

Neon-like: An ionic stage where an atom has been ionized such that there are 10 bound
electrons. The energy level structure is very similar to that of neutral neon and the ground
state has filled K and L shells.

Nickel-like: An ionic stage where an atom has been ionized such that there are 28 bound
electrons. The ground state has filled K, L, and M shells.

ICF: Inertial confinement fusion. The largest optical lasers such as Nova and NIF at
LLNL were built to demonstrate ICF.

Collisional excitation: Process by which free electrons in the plasma excite bound
electrons to a higher energy bound state by transferring part of their energy.

Metastable: An excited bound state in the ion that can not decay to another bound state
with different principal quantum number by direct dipole allowed radiative transition.

Travelling wave geometry: A situation by which the optical laser illuminates the target
synchronously with the x-rays travelling in the amplification direction. For transverse
illumination this is typically done by changing the phase front of the optical laser using a
grating or stepped mirror.

Gain-length product: The integral of the gain over the length of the gain medium
including the effect of saturation on the gain. Typically gain-length products of about 15
are needed for the x-ray laser to reach saturation intensity.

Saturation intensity: The x-ray laser intensity at which the gain is reduced by a factor of
two due to stimulated emission in the plasma modifying the populations of the laser
states.

Radiation trapping: A process by which the radiation emission from a strong resonance
line builds up sufficient intensity that the population of the lower laser state increases and
starts to quench the gain of the x-ray laser transition.
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Figure 1. Schematic of the grazing incidence pumping geometry (GRIP). The line-focused,
uncompressed prepulse is incident on the molybdenum target at normal incidence and creates the
initial plasma. This is followed by the line focused CPA short pulse that illuminates the target at a
grazing incidence angle of 14 degrees. The grazing incidence also produces a travelling wave
illumination such that the target preferentially lases in one direction on the Ni-like Mo line at 18.9
nm.

Figure 2. Energy level diagram for lasing on an inner-shell transition in neon. The XFEL at 1.29
nm photoionizes the Is electron in neutral neon followed by lasing on the 2p — 1s transition at
1.46 nm in singly ionized neon.
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Figure 1. Schematic of the grazing incidence pumping geometry (GRIP). The line-focused,
uncompressed prepulse is incident on the molybdenum target at normal incidence and creates the
initial plasma. This is followed by the line focused CPA short pulse that illuminates the target at a
grazing incidence angle of 14 degrees. The grazing incidence also produces a travelling wave
illumination such that the target preferentially lases in one direction on the Ni-like Mo line at 18.9
nm.
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Figure 2. Energy level diagram for lasing on an inner-shell transition in neon. The XFEL at 1.29
nm photoionizes the Is electron in neutral neon followed by lasing on the 2p — 1s transition at
1.46 nm in singly ionized neon.
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